MDCK (Madin-Darby canine kidney) cells represent a good model of polarized epithelium to investigate the signals involved in the apical targeting of proteins. As reported previously, GPI (glycosylphosphatidylinositol) anchors mediate the apical sorting of proteins in polarized epithelial cells through their interaction with lipid rafts. However, using a naturally N-glycosylated and GPIanchored protein, we found that the GPI anchor does not influence the targeting of the protein. It is, in fact, the N-glycans that signal the protein to the apical surface. In the present review, the role of N-glycans and GPI anchors as apical signals is discussed along with the putative mechanisms involved.
Introduction
Epithelial cells line the surface of all organs and cavities of the body, having a pleiotropic role in nutrient uptake, host defence and homoeostasis. They are polarized, i.e. they have two distinct domains: the apical and basolateral domains. The apical surface faces the lumen of the tissue, while the basolateral surface faces neighbouring cells and the extracellular matrix. Tight junctions separate the two domains, so that diffusion of proteins and lipids between the two surfaces cannot occur. As a result of this polarization, the cell must target newly synthesized proteins to the correct surface to be able to function properly. Several disease states result from the mistargeting and trafficking of proteins in epithelial cells, e.g. sitosterolaemia, distal renal tubular acidosis and cystic fibrosis [1] [2] [3] . It is therefore physiologically important to investigate the signals and mechanisms that are involved in polarized protein transport.
The signals involved in basolateral targeting are well studied. Many proteins targeted to the basolateral membrane contain tyrosine-or dileucine-based amino acid motifs in their cytoplasmic domains which are recognized by distinct molecular subunits of adaptor complexes [4] . However, the signals for apical targeting are not so well defined.
Apical targeting signals
Studies involving chimaeric proteins in which the anchoring domain of a GPI (glycosylphosphatidylinositol)-anchored protein was fused to the ectodomain of a basolaterally sorted protein, resulting in the apical delivery of the chimaeric GPI-anchored protein, also appeared to support the role of lipid rafts in apical targeting [5] [6] [7] . However, the replacement of the cytosolic and transmembrane domains of a basolaterally sorted protein with a GPI anchor may have inadvertently removed the dominant basolateral targeting signals to leave a previously masked apical sorting signal in the ectodomain. Because other studies investigating apical signalling and targeting have used fusion proteins, i.e. normally soluble proteins with an engineered GPI anchor, the true nature of the targeting signal has been altered. Additionally, evidence supporting a role for lipid rafts and GPIanchored proteins in targeting proteins to the apical membrane [8] has been superseded by the report that every study on the targeting of GPI-anchored proteins has used glycosylated proteins, suggesting a role for N-glycans in signalling [9] . Therefore we decided to investigate the apical targeting signals of a naturally GPI-anchored, N-glycosylated protein.
MDP (membrane dipeptidase), glycans and apical targeting
MDP is an ectoenzyme involved in the hydrolysis of dipeptides and is found in the brush-border region of the proximal tubule of the kidney. Native porcine MDP possesses a GPI anchor and two N-glycans at positions Asn 41 and Asn 263 . Using constructs of MDP lacking either the N-glycans (MDP⌬gly) or the GPI anchor (MDP⌬GPI), or both of these post-translational modifications (MDP ⌬GPI,⌬gly), we show for the first time on an endogenously N-glycosylated GPI-anchored protein, that it is the N-glycans, not the GPI anchor, that determines apical targeting in polarized cells [10] . As all of the constructs of MDP were enzymically active and were either secreted from the cells or present at the cell surface, the lack of the GPI anchor or the N-linked glycans did not drastically interfere with the folding or trafficking of the protein (Table 1) .
Evaluation by immunofluorescence microscopy and activity assays of polarized MDCK (Madin-Darby canine kidney) cells grown on filters revealed that wild-type MDP was targeted predominantly to the apical surface (60%). Removal of the N-glycans changed the surface expression to 80% at the basolateral surface. The same pattern was found when trafficking of the non-GPIanchored mutants were assessed.
In order to identify if lipid raft association accounted for the difference in targeting, MDCK cells expressing the GPI-anchored MDP constructs (wtMDP and MDP⌬gly), were subjected to buoyant sucrose-density-gradient centrifuga- tion. The position of lipid rafts in the sucrose gradients was determined by immunoblotting with an antibody against caveolin-1, a well-defined marker of lipid rafts [11] . The distribution in the sucrose gradients of the non-raft proteins clathrin and dipeptidyl peptidase IV was also determined. Both of these proteins were detected exclusively in the soluble fractions. The distribution of wtMDP and MDP⌬gly in the sucrose gradients was determined by both immunoblotting and activity assays. Both constructs were located predominantly (72Ϯ5% and 72Ϯ6% respectively) in the lipid raft fractions with negligible enzyme activity or MDP protein present in the soluble fractions of the sucrose gradients, clearly indicating that both constructs were present in lipid rafts, thus indicating that GPI anchoring is not sufficient for apical targeting. This result is in agreement with the observation that GPI anchoring was not sufficient for apical delivery of rat growth hormone, which is an unglycosylated unpolarized secreted protein [9] , and that free GPI anchors are delivered in an unpolarized manner to the surface of MDCK cells [12] . Raft association of proteins located on the basolateral surface has been observed previously [13, 14] , and caveolae, subdomains of detergent-resistant rafts that contain caveolin-1, are enriched on the basolateral surface of MDCK cells [15] . It can be concluded that the GPI anchor on MDP causes the protein to associate with lipid rafts in the secretory pathway, but that targeting of the protein to the apical surface requires sorting information encoded within the N-glycans. In this context, it is interesting to note that the glycoprotein Thy-1 was secreted from the apical surface after removal of its GPI anchor, leading to the conclusion that sorting information lies elsewhere in the protein other than the GPI anchor [16] . However, it was not determined whether or not the N-glycans on Thy-1 fulfilled this role. Consistent with our data, it has also been found that N-linked glycosylation is required for AQP-2 (aquaporin-2) trafficking to the apical surface of MDCK cells, and, as AQP-2 is soluble in Triton X-100 at 4ЊC, that lipid rafts are not involved in the apical targeting of this protein [17] .
The nature of the apical targeting signal in the glycan of MDP
To investigate if it is the nature of the glycan that is important in the apical targeting of MDP, we have preliminary data using glycosylation inhibitors to disrupt the terminal processing of the N-glycans. Deoxymannojirimycin and swainsonine (␣-mannosidase I and II inhibitors respectively), and deoxynojirimycin and castanospermine (␣-glucosidase I and II inhibitors respectively) were found to have little or no effect on the targeting of wild-type MDP (P. Urquhart and N.M. Hooper, unpublished work). This suggests that it is the core glycan that is functional in the apical signalling of MDP. In relation to this, a study by Potter et al. [18] showed that the apical trafficking of endolyn, a highly glycosylated transmembrane protein, could be disrupted in tunicamycin-treated cells, and, when subjected to site-directed mutagenesis, they identified two N-glycans that were major determinants in its apical delivery. Further studies are required to identify whether the site of glycosylation on the protein is the crucial factor in the apical targeting of MDP. It is also possible that the prion protein is directed to the basolateral surface in MDCK cells as a result of its two N-glycans not being in the correct position on the surface of the protein to target it to the apical domain [19] . Additionally, a study investigating the role of N-glycans in the apical trafficking of the H ϩ ,K ϩ -ATPase ␤ subunit found the core region sugars to be more important than terminal sugars for the apical sorting of the protein [20] .
An alternative hypothesis is that N-glycans play a facilitative role, by providing structural support or preventing aggregation of the proteins, thereby allowing interaction of proteinaceous apical sorting signals with the sorting machinery [21] . In the case of MDP, this hypothesis seems unlikely. The basolaterally targeted unglycosylated constructs were appropriately folded, as shown by their trafficking competence and enzyme activity, and thus any proteinaceous sorting signals would still be available for interaction with the apical sorting machinery.
Distinct pathways for polarized transport
Two distinct pathways are known to exist that transport cargo to the cell surface in polarized cells: the direct and indirect pathways. The direct pathway delivers cargo exiting the TGN (trans-Golgi network) straight to either the apical or basolateral surface by vesicles that bud off from the Golgi stack. Conversely, the indirect route involves traversing to the opposing surface before finally delivering the cargo to its intended surface, also known as transcytosis.
Until now, the sorting of proteins into their specific pathway was thought to occur at the TGN; however, a recent study by Polishchuk et al. [22] provides evidence that this might not be the case. These authors have shown, using livecell time-lapse microscopy, that a GFP (green fluorescent protein)-tagged GPI anchor was delivered first to the basolateral membrane, then internalized and finally delivered to the apical surface, suggesting that apical sorting signals are recognized at the lateral membrane and not the TGN. It remains to be determined whether the N-glycans are required for the internalization of MDP at the basolateral surface for terminal apical trafficking. If N-glycans are required for MDP to be transcytosed in MDCK cells, it follows that the ⌬gly mutant will remain at the basolateral membrane.
Regulators of apical targeting
Several putative recognition factors for apical targeting have been identified. However, most are associated with lipid rafts. Jacob et al. [23] monitored the exocytic apical pathway of raft-associated SAVs (sucrase-isomaltase-carrying vesicles). This group identified that annexin II was required to traffic the SAVs to the apical surface of cells. Previously, Fiedler et al. [24] demonstrated that another member of the annexin family, annexin XIIIb, was involved in the delivery of influenza virus HA (haemagglutinin) to the apical surface in MDCK cells.
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VIP36 [vesicular integral protein 36; MAL (myelin and lymphocyte protein)] is an intracellular lectin that recognizes high-mannose-type glycans [25] . Overexpression of VIP36 was shown to stimulate the secretion of clusterin, a glycoprotein that carries at least one high-mannose glycan and was therefore thought to be involved in transport to the cell surface [26] . However, further studies revealed that it is the overexpression of VIP36 that leads to post-Golgi transport of the protein [27] . VIP17, another member of the MAL family, is also thought to play a role in the sorting and delivery of proteins from the TGN to the apical surface [28] . In agreement with this, another group found that antisense oligonucleotides to VIP17/MAL resulted in diminished apical transport of HA [29] . MAL2, a novel member of the MAL family, was recently identified, and was found to be required for transcytosis in HepG2 cells [30] . Other apical recognition factors in the non-lipid raft pathway remain to be detected.
Conclusions
N-glycans are not a universal apical targeting signal as they do not function as apical sorting determinants for the hepatitis B surface antigen [31] , the soluble corticosteroid binding globulin [32] or the transmembrane ectonucleotide pyrophosphatase/phosphodiesterase NPP3 [33] . In the case of the neurotrophin receptor, a juxtamembrane region of the extracellular domain that is rich in O-glycosylated serine/threonine residues, and not the single N-glycan, was responsible for the apical secretion of both transmembrane and secreted forms of the protein [34] . As the GPI-anchored MDP lacks an O-glycosylated region, it is the N-glycans that provide the apical sorting information in this case. Further studies would be required to determine whether it is a particular glycan sequence on the N-glycans that is responsible for the apical targeting. What is becoming apparent from these studies is that there are a variety of sorting signals responsible for the apical targeting of proteins in polarized cells. However, the data presented in the current study clearly show that N-glycans are involved in the apical targeting of an endogenous GPI-anchored protein in MDCK cells, necessitating a re-evaluation of the roles of GPI anchors and lipid rafts in the apical targeting of proteins in polarized cells.
